For everal foodbome bacterial pathogen, an acid tolerance respon e appears to be an important trategy for counteracting acid stre s impo ed either during food proces ing or by the human host. The acid tolerance respon e enhance bacterial survival of lethal acid challenge following prior expo ure to sublethal acidic condition. Previous studie have revealed relationships between a foodbome pathogen's ability to survive acid challenge and its infectious d e. Vibrio parahaemolyticus is capable of causing ga troenteriti when sufficient cells of pathogenic train are con umed. This rudy wa designed to characterize acid en itivitie and to compare the effect of ublethal acid expo ure (adaptation) on survival capabilitie and cytotoxicities of different V. parahaemolyticus strain. Survival of acid challenge by stationary-phase cells differed by up to 3 log CFU/ml among the 25 i olates te ted. No difference in acid resistance were found between strains when they were grouped by source (clinical i clare ver u tho e obtained from food). Survival at pH 3.6 for log-pha e cells that had been previou Iy expo ed to sublethal acidic condition (pH 5.5) was enhanced compared with that for cells not previou Iy exposed to pH 5.5. However, for tationary-pha e cells, expo ure to pH 5.5 impaired both sub equent urvival at pH 3.6 and cytotoxicity to human epithelial cell. Relative cytotoxicitie of nonadapted starionary-pha e cells were 1.2-to 4.8-fold higher than tho e of adapted cells.
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ublethal acid expo ure appears to impo e mea urable growth phase-dependent effects on ubsequent lethal acid challenge urvival and cytotoxicity of V. parahaemolyticus. 
MA TERIALS AND METHODS
Bacterial isolates. L olates used in this tudy were provided by the U.S. Food and Drug Administration ( Table 1) . Serotypes were determined previously by the Centers for Di eae Control and Prevention. Upon receipt, all isolates were treaked for isolation of single colonies on tryptic oy agar (Difco Laboratories, Becton Dickinson, Sparks, Md.) supplemented with 2% NaCi (TSAS). I olates were stored in tryptic soy broth supplemented with 2% Na 1 (TSBS) and 20% glycerol at -80°C. I elates were subcultured on TSAS at lea t once before each experiment.
Acid sen itivity assays. To evaluate strain ensitivity to acid. growth kinetics and survival of each strain were measured under various conditions. Overnight culture (37°C, 12 to 16 h, 250 rpm) were used to inoculate TSBS (I % inoculum, vel/vel) that had been adju ted with 6 N HCI to pH 7.2, 6.5, 5.5, or 4.2. Growth kinetics were det.ermined by monitoring the optical density at 600 nm (00600) for each strain grown in microtiter plate well . The a Log CFUlml reduction (mean ± S ) of tationary-pha e cells following exposure to TSBS pH 3.6 adjusted with 6 N HCl at 37°C for 30 min. n the number of independent experiments conducted for each isolate.
h CFUlml fell below the detection limit of the assay (300 CFU/ml) in two independent experiments for these strain . C CFU/mJ fell below the detection limit of the assay (300 CFUhnl) in one experiment for these strains. d Strains deemed genetically irnilar to 03:K6 strains by arbitrarily primed PCR, ribotypes, and pulsed-field gel electrophoresis pattern analyses (10, 30 ). e UT, un typeable. f 03:K6 strain isolated before 1996 that is genetically different from the 03:K6 train i olated after 1996. microtiter plates were incubated tatically at 3rC in a microplate analyzer (Fu ion Universal, Packard In trument Co., Meriden, Conn.). Reading were taken every 10 min for -5 h.
To determine bacterial survival following acid exposure, bacterial colonies were enumerated by standard procedures following exposure to acidic conditions. Stationary-phase cells were obtained by growing V. parahaemolyticus cells to a mean (:!:: standard error lSED OD 600 of 1.1 ± 0.1. Culture samples were centrifuged, and the cell pellets were resuspended in TSBS with pH levels ranging from 3.0 to 6.5 (adjusted with 6 N HCI) and incubated at 3rC for 30 min or for I h with shaking at 250 rpm.
Based on re ults from these preliminary trial, pH 3.6 was selected for subsequent lethal acid challenge conditions for all 25 strains. Stationary-phase cultures were serially diluted in phosphate-buffered saline, and O.J 011 of the appropriate dilution was spread plated onto TSAS plates. Plate were incubated at 37°C for 16 to 18 h, and then colonies were counted. Only data from plates bearing 30 to 300 colonie were u ed in the calculation, hence the effective lower limit for detection of assay survivors was 300 CFU/ml. To enable calculations and stati tical analy e , when the number of colonies present on a plate from the lowest dilution wa <30, we u ed 300 CFU/ml as the number of survivors present after acid challenge. Experiments were conducted at least three times for each i olate.
ATR assays. To determine the effect of ATR on sub equent urvival, log-and tationary-phase V. parahaemolyticus cells were subjected to an adaptation treatment (TSBS, pH 5.5 ± 0.1 for I h at 37°C) prior to expoSllre to an acid challenge (TSBS, pH 3.6 :t 0.1 for 30 min at 37°C). Log-phase cells were obtained by growing V. parahaemolyticus cells to an OD600 of 0.4 :t 0.05. Stationary-phase cell al 0 were obtained. To control for possible effects of the addition of fre h medium during the acid adaptation procedure, non adapted cells were prepared in parallel with the adapted cell by incubating log-or stationary-phase cells in TSBS at pH 7.2 rather than at pH 5.5 for I h prior to acid challenge. To monitor viability of nonstre ed cells throughout the experiment, additional controls were prepared by incubating both adapted and nonadapted cells in TSBS at pH 7.2 in parallel with those incubated at pH 3.6 during the acid challenge procedure. A schematic repre entation of the experimental procedure is shown in Figure  I . Samples were taken (Fig. I) to count the CFU present. At least two independent experiment were conducted on each i olate. For each sample, survival percentage 100 X (colony counts at 30 min after pH 3.6 acid challenge/colony counts obtained immediately following exposure to pH 3.6).
Cytotoxicity assays. To as e s the relation hip between ATR and virulence-a sociated characteristic, we used a tissue culture model to measure HeLa cell cytotoxicity induced by acid-adapted or nonadapted V. parahaemolyticu. cells harve ted in tationary pha e. Two tube of 500-f.L1 aliquots of V. parohaemolyticus culture (typically 8 X 10 to 2 X 10 9 FU/ml) were centrifuged at l3,000 rpm (17,900 X g) for 5 min and re upended in 500 f.LI of TSB pH 7.2 and TSB pH 5.5, re pectively. After incubation for J h at 37°C, a 15-/-101 aliquot from a 10-fold dilution (1. To ensure that bacterial number were imilar for all cultures at key point during infection, bacterial cell were counted immediately following infection (0 h) and at 2 h postinfection. Nonadapted and adapted cells were present at imilar numbers under these conditions for a given isolate (mean ± tandard deviation LSD] = 0.27 ± 0.33 log CFUlml).
RESULT
Acid sensitivity of V. parahaemolyticus strains. Initially, growth characteristics at various pH level were determi ned for even strai ns (FSL-Y 1-003, FS L-Y 1-005, FSL-YI-OII, FSL-YI-013, FSL-YI-014, FSL-YI-015, and FSL-Y 1-023), which were elected from our collection to repre ent different serotypes and i olation source . Overall, growth kinetic were similar for these even strains. A representative growth curve i illustrated in Figure 2 . NOlle of the V. parahaemolyticus strains were able to reproduce at pH 4,2, In these seven trains, I h of exposure at pH 4,2 resulted in mean (±SD) reduction of 0.6 ± 0.5 log CFUI ml, with a maximum 1.5 log CFUlrnl r duction (log reduction) in one strain. 0 colonies were found after 1 h of exposure at pH 3.0. Ba ed on these results, we selected exposure to pH 3.6 for 30 min a the parameters for lethal acid challenge in assay with all 25 V. parahaemolyticus isolates shown in Table 1 . Overall, expo ure to acid challenge re ulted in reduction ranging from 1.9 to 5.4 log
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FSL·Yl-Oll following exposure to different pH levels ill one representative experiment. Prior to the experiment, cultures were grown ill TSBS until the OD6IJ()reached 0.4 to obtain log-phase cells (a) and grown in TSBS until the OD 600 was >1,0 to obtain stationary-phase cells (b).
CFU/ml among these stationary-phase culture. When isolates were categorized by source, 30 min of pH 3.6 exposure resulted in 3.3 ::t 1.0 and 3.6 ::t 0.7 .Iog reductions for the clinical and food i olate re pectively, Relative urvival of clinical and food i olate did not differ (P = 0.34), indicating that the clinical isolates in our collection are not inherently more acid resistant than the food isolates, which had not been a ociated with foodborne illnes . Representative data are provided in Figure 3 and a data summary from all te ted train i provided in Figure 4 . For the seven i olates, mean log reductions for log-pha e adapt- Virulence-as ociated characteristics of acid-adapted and nonadapted cells. Host cell LDH release wa meaured to reflect cytotoxicity resulting from interaction with bacterial pathogens (38) . Relative percentage cytotoxicity in HeLa cell ranged from 1.4 to 103.2% and 6.7 to J33.8% for adapted and nonadapted cell , re pectively ( "'-L1. L1. L1.
IJ,.
L1. L1.
" 
centage cytotoxrcine of non adapted cells were 1.2-to 4.8-fold higher than those of adapted cell . The cytotoxicity differences between nonadapted and adapted cell were ignificant for three food i olate (FSL-YI-004, FSL-YI-005, and SL-YI-Oll) and two clinical isolates (FSL-YI-OI4 and FSL-YI-OI5).
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For foodborne pathogen, urvival through tomach passage i a prerequi ite for human infection. The ability to with tand the reduced pH found in the human t mach may be correlated with an organism' infectiou dose (3, 16, 41) . Therefore, growth or urvival capabilities of foodborne pathogens, such a Aeromona (35) , L. monocytogenes (14) , Salmonella (4), E. coli (37) , Shigella fiexneri (40) , and Vibrio vulnificus (26) , under different acidic condition repre ent important area of tudy. In a few previous studies, urvival of log-pha e V. parahaemotyticus under acidic conditions ha been examined. For example, Wong et al, (43) reported a I-log reduction for a cl inical V. parahaemolyticus train following 60 min of exposure to pH 4.4. Koga et al. (24) reported a 2-log reduction for another clinical i olate following 60 min of expo ure to pH 2.0. Both group tested V. parahaemolyticus cell that had been harve ted in log pha e.
Our data indicate wide variation in acid sensitivities among different V. parahaemolyticus train. Stationarypha e cultures of the V. parahaemolyticus i olate in our collection were highly en itive to pH 3.0. Among the i 0-late tested, the most and lea t acid ensitive train were FSL-YI-010 and FSL-YI-014, respectively. These two isolates showed an average of a 5.4-and 1.9-log reduction, respectively, following 30 min of exposure to pH 3.6. The pre ence or ab ence of urea e activity could affect the relative acid sen itivities of the V. parahaemoiyticus train examined in this tudy. Urease production can contribute to enhanced acid tolerance in Yer ina enterocolitica and Helocobacter pylori (39, 44) . Therefore, it would be u eful to e amine the a ociation between urease production and acid tolerance of specific V. parahaemolyticu train. Our findings suggest that, as with Vibrio cholerae (42) and V. vulnificu (25) , V. parahaemolyticus i generally sensitive to acidic conditions (i.e., pH 3.6 for~30 min) that are tolerated by orne other pathogens, uch as Staphylococcus aureu , Salmonella Typhimurium, and E. coli (35) .
Response to acid stress is a complex phenomenon. In this rudy, the sensitivity of V. parahaemolyticus to a lethal acid challenge wa affected by prior expo ure to ublethal acidic conditions. Among several food borne bacterial pathogen , an ATR appears to be an important strategy for counteracting acid tre impo ed either during food processing or inside the human host. Many pathogen are able to mount an ATR that enhances bacterial survival of a lethal acid challenge following prior expo ure to sublethal acidic conditions (3, 17, 32) . Expo ure to sublethal acidic condition can confer cro protection to other stres es, e.g., heat, o m tic gradient and bile acid (24, 43) ; therefore, the ability to mount an ATR may provide an organism with relative survival or growth advantage over other microflora that do J. Food Prot., Vol. 67, NO.7 not have similar acid tolerance mechanism.
Exposure to ublethal acid tre may also influence bacterial pathogene i by altering the virulence-a ociated characteristics of acid-adapted cell, For example acid-adapted cells were uperior to nonadapted cell in colonizing uckling mice (V.
cholerae (31) and V. parahaemolyticus (43) ) and were more invasive in Caco-2 and J774.A 1 cell (L. monocytogenes (J 1)).Marron et al. (29) tested an L. monocytogenes L028 mutant that was unable to induce an ATR and found that thi mutant had a reduced capacity to cause infection in mice.
In thi rudy, preexpo ure to pH 5.5 improved subsequent survival at pH 3.6 for log-pha e V. parahaemolyticus cells but not in general for stationary-phase cells. Growthpha e-dependent urvival capabilitie following mild acid stre at 0 have been documented for Bacillus cereus (22) and Salmonella Typhimurium (27) . For example, in contrast to relative survival of similarly treated lag-, logo, or late tationary-phase cultures, stationary-phase B. cereus cell grown at pH 6.0 or 7.0 showed decreased survival following ub equent exposure to pH 4.0 (22) , Acid-adapted stationary-phase V. parahaemolyticu cell, which generally had impaired survival capabilities at pH 3.6. al 0 had decrea ed cytotoxicity in human epithelial cell, The cytotoxicities of all but one isolate decreased 1.2-to 4.8-fold following preexpo ure to pH 5.5. Under our experimental conditions, the cytotoxicity difference between adapted and nonadapted cells were significant for 5 of 14 (36%) i 01ates , ugge ling that acid expo ure ha a ubstantial negative impact on virulence in ome V. parahaemolyticu trains. However, a with strain ST550 (43), ublethal acid expo ure increa ed the relative urvival and cytotoxicity characteristics of FSL-Y 1-013, supporting the hypothe is that mild acid treatment may enhance virulence capabilities for some V. parahaemolyticus strains. However, these data indicate that prior exposure to sublethal acidic conditions doe not universally enhance urvival and virulence characteri tic for V. parahaemoiyticus under all conditions.
The reduced cytotoxicity of acid-adapted cell could be a consequence of phy ical injury. V. cholerae cells grown at pH 6.0 had reduced expre sion of various enzyme nece ary for lipopoly accharide bio ynthesi , resulting in alterations in the outer membrane and increa ed usceptibility to hydrophobic drugs (e.g. erythromycin) (18) . Acid expo ure also repre e motility in V, cholerae
and Salmonella Typhirnurium (J, 18). Although changes in membrane trucrure and motility may not nece arily lead to decreased virulence, the e findings uggest that significant physiological changes could occur in V. parahaemolyticus following acid exposure. Apart from the possible intrin ic phy iological difference in re ponse to acid stress among strain the u e of different experimental conditions and virulence model may have contributed to variations in observed acid-mediated effect (e.g., urvival capabilities and virulence) in previous tudie . Experimental variations that influence acid sen itivity include growth phase (22, 27) , growth medium (21, 22), growth condition (12) , and type of acid tre (31) .
In addition, bacterial virulence responses may al 0 differ in different hosts. Merrill and Camilli (31) identified a et of gene that are involved in V. cholerae acid tolerance in an adult rabbit ligated-loop model. However, fewer than half of these identified genes were induced when V. clwlerae wa inoculated into infant mice. Our results further illusIrate the neces ity for application of identical experimental conditions to enable direct comparisons of acid tolerances among V. parahaemolyticus strains. For example, the protocol used in our ATR experiments (i.e., re u pen ion of cells in fresh medium with each incubation period) enhanced survival of tationary-phase cells relative to that seen in the acid en itivity experiment for five of seven V. parahaemoiyticus strain. The stationary-phase V. para/wemolyticus cells used in thi tudy appeared to be more susceptible to acid Iress than did the acid-treated log-pha e V. parahaemolyticus cells used in studies by Koga et a1. (24) and Wong et al. (43) . Culture growth phase clearly contribute to the experimental outcome of V. parahaemolyticus acid tolerance studies.
E tuarine and brackish waters are natural habitat for V. parahaemolyticu (5, 6) . The e cells usually experience little variation in environment conditions, i.e., temperatures of 10 to 30°C, pH of 7 to 8.5, and salinity of 0.8 to 3% (8, 13) . This pathogen has been reported a highly sensitive to heat (55°C), hydrostatic pre sure, and low-temperature pa teurization (2, 7) . Becau e V. parahaemolyticu i not typically required to urvive under extreme ranges of environmental conditions in nature, many train may lack effective mechani m for urviving conditions such as acid stress, which can be tolerated by orne other foodborne pathogens.
In this study, the majority of V. parahaemolyticus strains tested were highly sensitive to a pH (3.6) that can be tolerated by other major foodborne pathogens (e.g., E. cofi (35) ). Log-pha e but not stationary-phase V. parahaemolyticus displayed an ATR following exposure to ublethal acidic condition. Exposure to the e conditions impaired subsequent survival and cytotoxicity of stationaryphase cell for all trains except FSL-YI-OI3. The recent publication of the V. parahaemolyticus genomic sequence (28) will provide the opportunity to u e microarray and proteornics to di ect the complex phenomenon of bacterial behavior following acid exposure and to identify genetic responses important for V. parahaemotyticus virulence.
